In wireless OFDM systems, the time-varying channel is often estimated by a Wiener filter-type MMSE estimator based on pilot symbols. Such an estimator, however, requires statistical prior knowledge that is not easily obtained. Here, we propose adaptive Wiener filters for channel estimation that do not require statistical prior knowledge. We also calculate the performance limits of finite-length and infinite-length MMSE estimation. Simulation results demonstrate the good performance of our adaptive estimators.
INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) [I] is an efficient modulation scheme for broadband wireless communications. To obtain high data rates, accurate channel estimation is required.
A widely explored approach, minimum mean-square error (MMSE) channel estimation using Wiener-type filters [2-61, uses training data (pilot symbols) as well as knowledge of the channel's secondorder statistics. The latter requirement can be met by assuming some default channel statistics [SI, explicitly estimating the channel statistics [6] , or using a robust design approach L2-41.
Here, we propose adaptive Wiener filters for time-varying channel estimation that are attractive in that they do not require any statistical knowledge and are able to track changes of the channel statistics. We consider both the normalized least-mean-square (NLMS) and recursive least-squares (RLS) adaptation algorithms. As a basis for developing the adaptive estimators and as a reference for performance comparison, we also derive the finite-length and infinite-length MMSE channel estimators and calculate the performance limits for causal linear channel estimation. Related results for decision-directed channel prediction have been presented in [7] . The paper is organized as follows, After a review of the OFDM system in Section 2, the (nonadaptive) MMSE channel estimators are derived in Section 3. In Section 4, the adaptive estimators are presented. Finally,simulation results are shown in Section 5.
OFDM SYSTEM MODEL
We consider an OFDM svstem with K subcaniers 111. The trans- In what follows, the time-varying channel will be considered ran.
known to the receiver. The set of pilot locations is given by [8] --
Here, P is the number of pilots per OFDM symbol and S = K I P 
The factorization (8) is guaranteed to exist because pi > --due to a* > 0, i.e., the Paley-Wiener condition is satisfied [121. Inserting &j into (7) and identifying the causal parts of both sides of the resulting equation yields the optimal filter transfer funclions Next, the channel impulse response is estimated using L causol linear filters of length M , one for each channel tap: 
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where (8) and (9) From this expression, we see that is small for small maximum delay L, small maximum Doppler shift vmax, large number of pilots P, small symbol duration N, and large SNR parameter . : / a , ' . The MMSE coefficients are thus obtained as
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ADAPTIVE WIENER FILTERS
The design of the Wiener filter-type channel estimator according to ( 5 ) or (9) requires prior knowledge of the second-order statistics of channel and noise. Moreover, if these statistics change the estimator would have to be redesigned. To avoid these complications, we propose adaptive channel estimators based on the NLMS or RLS al- 
SIMULATION RESULTS
We simulated an OFDM system with K = 128 subcaniers, symbol duration N = 144, and cyclic prefix length L,, = 15. Randomly chosen pilot symbols (with -1 and 1 equally likely) were transmit- for the slow and the fast channel, respectively. We chose L = IO and M = 10. The MSE was estimated by averaging over IO4 OFDM symbols. The excess error of the adaptive estimators over E A T is seen to be about 3dB. Remarkably, the NLMS and RLS algorithms perform almost similarly, and they outperform the "simple" estimator by up to 10dB. For the fast channel, the excess MSE of the adaptive estimators and of €9 over ~$ 2 is smaller than for the slow channel. This is because the fast channel features less correlation in the time direction, which is sufficiently exploited already with M = IO. From both pans of Fig. 6 , it is again seen that the performance of the NLMS and RLS algorithms is very similar. lOdB, and averaging over IO 4p OFDM symbols. Fig. 6(a) shows
CONCLUSIONS
We developed adaptive Wiener filters for channel estimation in wireless OFDM systems. Simulations show that the performance of our adaptive estimators is only about 3dB worse than that of the non- adaptive Wiener filter (MMSE estimator) that requires knowledge of the second-order statistics of channel and noise. In our setup, the NLMS and RLS algorithms exhibit similar performance; thus, the simpler NLMS algorithm appears to be better suited for applications. We also derived a simple expression for the MSE of the infinite-length MMSE channel estimator and discussed its depsndence on basic channel and system parameters.
